A light emitting diode with superconducting Nb electrodes was fabricated to investigate the contribution of Cooper pairs to radiative recombination in a semiconductor. Electroluminescence observed from the active layer in which electron Cooper pairs and normal holes are injected was drastically enhanced at the temperature lower than the superconducting transition temperature of the Nb electrodes. This is the first experimental evidence that Cooper pairs enhance radiative recombinations by the superradiance effect.
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A light emitting diode with superconducting Nb electrodes was fabricated to investigate the contribution of Cooper pairs to radiative recombination in a semiconductor. Electroluminescence observed from the active layer in which electron Cooper pairs and normal holes are injected was drastically enhanced at the temperature lower than the superconducting transition temperature of the Nb electrodes. This is the first experimental evidence that Cooper pairs enhance radiative recombinations by the superradiance effect.
Superconducting quantum bits (qubits) are one of the most promising candidates for quantum information processing because coherent qubit operations are possible with conventional microwave techniques based on electrical circuits prepared with conventional lithography techniques. The entanglement and quantum logic gates of superconducting qubits have been successfully demonstrated. 1, 2) On the other hand, for the transportation of qubits, photons are most suitable for quantum links based on optical-fiber communication networks. Photon qubits and their applications to quantum cryptography have been actively studied. 3) However the two research fields are isolated at present, and new technique connecting superconducting qubits with photon qubits will be indispensable for constructing quantum information networks.
Electrically driven single photon sources using exciton emission in semiconductor quantum dots (QDs) have been successfully demonstrated. 4) Entangled photon pair generation from QDs is also expected by using biexciton-exciton cascade emission. 5) However, it has been difficult in most of the cases to achieve the quantum entanglement of biexciton and exciton photon pairs mainly due to lift-off of spin degeneracy of intermediate exciton states
caused by crystallographic anisotropy of semiconductor surfaces and electron-hole exchange interactions. 6) Time intervals and different time extensions of biexciton and exciton photon wave packets due to the difference of their radiative recombination lifetimes will prevent the application to more sophisticated quantum information processing. * E-mail address: yhayashi@es.hokudai.ac.jp
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Submitted to Applied Physics Express Recently, we have proposed a new scheme to realize solid-state entangled photon pair sources using superconductors, 7) where Cooper pairs recombine simultaneously bypassing intermediate exciton states in semiconductor QDs. This was named as superconductor-based quantum-dot light emitting diodes (SQ-LED), and Cooper pair injection into semiconductors was demonstrated using Nb/n-InGaAs/Nb vertical Josephson junction, which shows that electron Cooper-pairs tunnel through 120-nm-thick InGaAs layers with In concentrations of 53 ∼ 70 %. This proposal was based on the superradiance effect on electron and hole Cooperpair recombinations theoretically predicted by E. Hanamura. 8) However this prediction has not been confirmed experimentally.
In this paper, as the first step to realize the scheme of the SQ-LED, the contribution of Cooper pairs to radiative recombination in a semiconductor was examined experimentally by using a LED with superconductor Nb electrodes, in which electron Cooper pairs will be injected into a n-InGaAs active layer from the superconducting Nb electrodes by the proximity effect. It is noted that the recombination process dealt with in this paper is the one 
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Submitted to Applied Physics Express Submitted to Applied Physics Express showed lower sensitivity below the energy of 0.756 eV, the injection current dependence of the EL intensity was not influenced by this factor. In Fig. 5(b) , the higher energy tail slightly increased with the increase of the injection current. This will be due to the superposition
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Submitted to Applied Physics Express of the luminescence from the barrier layer. In addition to this EL measurements, microphotoluminescence measurements were performed, in which the luminescence spectra with high photo-excitation was expanded to the higher energy and additional peak around 0.80 eV corresponding to the barrier layer was observed. In this paper, the main discussion will be limited to the lower current region so that the emission from the QW active layer dominates.
To examine the role of the electron Cooper pairs penetrating from the superconducting Nb electrode to the InGaAs active layer, the temperature dependence of EL was examined around T C under the constant current of 250 µA. The EL spectra remained noise level at the temperature higher than ∼ 9 K as exemplified with the result at 11 K in Fig. 6(a) . But the EL from the active layer was enhanced and clearly observed at the lower temperature as exemplified with the EL spectra at 7.0 K and 2.9 K in Fig. 6(a) . The EL integrated intensities are plotted as a function of T in Fig. 6(b) . The dramatic increase of the EL intensity at the temperature lower than ∼ 9 K will be clear, while the EL intensity is under measurement limit at the higher temperature. The apparent critical temperature of ∼ 9 K for the EL intensity enhancement finely agrees with the superconductivity of T C ∼ 8.4 K. The abrupt increase of the EL intensity for the lower temperature just below T C and the gradual saturation of the EL intensity approaching 0 K will be accounted for by the temperature dependence of the superconducting energy gap, i.e., abrupt increase at T ≤ T C and saturation at 0 ≤ T T C . 10)
The enhancement of the radiative recombinations by the penetration of electron Cooper
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Submitted to Applied Physics Express pairs in the InGaAs active layer will be controlled by the temperature dependence of the coherence length at T < T C . The observation of negligible EL at 11 K shown in Fig. 6(a) suggests that non-radiative recombinations are dominant at T > T C under the bias condition of 250 µA. The bias dependence of the EL intensity was compared in Fig. 7 at the two temperatures of 3 K and 10 K which are below and above T C , respectively. It is noted that the EL spectra measured under the constant injection current with different temperature were almost completely overlapped with the normalization of their intensity in the temperature range below 13 K. This confirms that the temperature dependence of the EL intensity shown in Figs.
6(b) and 7 is not due to the spectral change but due to the Cooper-pair effect injected to the InGaAs active layer. The improvement of the EL intensity at 3 K becomes more enhanced at the lower injection current. Generally mid-gap deep levels are more active under the lower injection current and non-radiative recombinations will dominate. Therefore the above results shown in Fig. 7 indicate that the enhancement of the radiative recombination rate due to the Cooper pairs comes out more evidently under the situation with otherwise lower internal quantum efficiency.
In conclusion, LEDs with Nb superconducting electrodes were fabricated. Drastic enhancement of the EL intensity was observed at the temperature lower than the superconducting critical temperature. This is the first experimental evidence that electron Cooper pairs enhance radiative recombinations in semiconductors by the superradiance effect.
